The final shape of the molar tooth crown is thought to be regulated by the transient epithelial signaling centers in the cusp tips, the secondary enamel knots (SEKs), which are believed to disappear after initiation of the cusp growth. We investigated the developmental fate of the signaling center using the recently characterized Slit1 enamel knot marker as a lineage tracer during morphogenesis of the first molar and crown calcification in the mouse. In situ hybridization analysis showed that after Fgf4 downregulation in the SEK, Slit1 expression persisted in the deep compartment of the knot. After the histological disappearance of the SEK, Slit1 expression was evident in a novel epithelial cell cluster, which we call the tertiary enamel knot (TEK) next to the enamel-free area (EFA)-epithelium at the cusp tips. In embryonic tooth, Slit1 was also observed in the stratum intermedium (SI) and stellate reticulum cells between the parallel SEKs correlating to the area where the inner enamel epithelium cells do not proliferate. After birth, the expression of Slit1 persisted in the SI cells of the transverse connecting lophs of the parallel cusps above the EFA-cells. These results demonstrate the presence of a novel putative signaling center, the TEK, in the calcifying tooth. Moreover, our results suggest that Slit1 signaling may be involved in the regulation of molar tooth shape by regulating epithelial cell proliferation and formation of EFA of the crown. q
Introduction
Tooth formation is controlled by reciprocal interactions between ectoderm and neural crest derived mesenchyme. Morphologically, tooth formation starts as a thickening of the oral epithelium, which buds into the underlying mesenchyme. During subsequent cap and bell stages, the tooth shape is established by folding morphogenesis of the inner enamel epithelium (Tucker and Sharpe, 1999; Peterkova et al., 2000; Thesleff and Mikkola, 2002) . Finally, the crown shape is determined postnatally by the secretion of enamel and dentin by amelo-and odontoblasts, respectively. In some species, such as the mouse, the tips of the cusps and the transverse connecting lophs of the parallel cusps of the molar tooth are not covered by enamel. These areas are generally referred to as enamelfree areas (EFA) (Addison and Appleton, 1921; Gaunt, 1956) .
The primary and secondary enamel knots (PEK and SEK, respectively) are transient clusters of non-proliferative epithelial cells (Ahrens, 1913; Butler, 1956; Jernvall et al., 1994; Lesot et al., 1996) . They are proposed to act as signaling centers regulating the tooth shape (Jernvall et al., 1994; Vaahtokari et al., 1996a; Coin et al., 1999) . At the bud stage, the PEK is present at the tip of the epithelial bud at the anterior end of the tooth. Later, at the cap stage, the PEK is seen in the middle part of the anterior -posterior axis of the enamel organ. The SEK appears at the site of each future cusp tip of a molar tooth. It has been suggested that the SEKs regulate pattering of the cusps, and promote their growth by secreting mitogenic Fgf4 (Jernvall et al., 1994) before their proposed apoptotic removal after the initiation of the cusp growth (Vaahtokari et al., 1996b) .
We have recently reported expression of Slit1 in both the PEK and SEK of the embryonic mouse molar (Løes et al., 2001) . In vertebrates, Slit1 is a member of a family of conserved signals (Slit1 -3) regulating axonal growth and branching (Brose and Tessier-Lavigne, 2000) . These signals are also expressed outside the nervous system but their nonneuronal functions have remained largely unknown (Yuan et al., 1999; Plump et al., 2002) . Of note, we observed Slit1 in the SEK after the reported disappearance of Fgf4. To investigate the developmental fate of the SEK, we analyzed in detail the expression of Slit1 during morphogenesis and crown calcification of the mouse molar of mouse from embryonic day 15 (E15) to postnatal day 5 (PN5) by in situ hybridization and by three-dimensional (3D) reconstruction of Slit1 expression domains in PN3 tooth. In addition, we compared Slit1 expression with that of Fgf4 in the SEK.
Materials and methods

Preparation of tissues
The animal use was approved by the Animal Welfare Committee of the Preclinical Institutes, University of Bergen. Mice (NMRI) were mated overnight and the appearance of a vaginal plug was taken as day 0 of embryogenesis (E0). Delivery of NMRI mice takes place at E19, which corresponds to newborn (NB) stage. The animals were killed by cervical dislocation or decapitation, and the lower jaws from E15 to E18 embryos as well as NB, PN3 and PN5 mice were fixed in 12.5% ethylenediaminetetraacetic acid (EDTA), 2.5% phosphonoformatic acid (PFA) in phosphate-buffered sodium (PBS), dehydrated and embedded in paraffin. Embryonic lower jaws were cut into 7 mm frontal sections, whereas postnatal lower jaws were sectioned both frontally and sagittally.
In situ hybridization
In situ hybridization on sections was performed according to Wilkinson and Green (1990) . The following mouse cDNAs were used for in vitro transcription of 35 S-UTPlabeled antisense and sense probes: Slit1, Fgf4, Wnt5a, Wnt6, Wnt10a and Bmp4. p21 and Notch1 cDNAs were generated by reverse transcriptase-polymerase chain reaction (RT-PCR). No specific hybridization signals were detected in control sections (not shown). Photomicrographs were taken with a Nikon Coolpix 950 (Nikon Corp, Tokyo, Japan) digital camera mounted on a Zeiss Axioskop 2 (Carl Zeiss Jena GmbH, Jena, Germany) microscope and processed with Adobe Photoshop 5.0 program (Adobe Systems, San Jose, CA, USA).
Three-dimensional reconstruction
Three-dimensional computer reconstructions of the whole tooth germs were generated from 7 mm serial frontal sections. Both bright and dark-field pictures were taken and the dental epithelium was outlined by marking the basement membrane region using Adobe Photoshop 5.0 program. Alignment of adjacent sections was done using the basement membrane as a landmark. Processing of the images and 3D reconstructions were done using Java Advanced Imaging (Sun Microsystems, California, USA) (http://java.sun.com), and Visualization Toolkit (Kitware, New York, USA) (http://www.kitware.com) according to the manufacturer's instructions.
Results
Because Slit1 and Fgf4 are specifically expressed in both PEK and SEK (Jernvall and Thesleff, 2000; Løes et al., 2001) , we used them as marker genes to trace the developmental fate of the SEK in embryonic tooth using in situ hybridization on sections. The first developing protoconid (B2) and metaconid (L2) SEKs appear in the late cap stage tooth, and, as reported earlier, Fgf4 and Slit1 mRNAs were co-expressed in both knots (Fig. 1A,C) . Interestingly, before its downregulation from the knot, Fgf4 expression was predominantly observed in the cervical part of the knot where the cells histologically resemble the adjacent inner enamel epithelium cells (Fig.  1B) . In contrast, Slit1 transcripts were observed in the deeper, coronal compartment of the knot, where nonoriented, densely packed epithelial cells were organized into a cluster as shown for the protoconid cusp in E18 tooth (Fig. 1E,F) . During subsequent development, the growing cusp tip turned mesially and the histologically typical SEK was no longer observed. However, some Slit1 expressing cells were present next to the inner dental epithelium (IDE) cells at the mesial side of the prospective cusp tip as shown for developing metaconid cusp in NB tooth (Fig. 1G,H) . After the onset of dentin and enamel formation at PN3, Slit1 expression was evident in a distinct cluster of epithelial cells (which we name here as the tertiary enamel knot, TEK) at the tip of the cusp next to the IDE cells which had not secreted enamel (EFA cells) (Fig. 1I,J ). In the PN5 tooth, Slit1 expressing TEK cells were surrounded by the EFA-cells at the cusp tip ( Fig. 1M -O) . Similar changes were observed in other, later developing enamel knots.
In addition to being expressed in SEKs, Slit1 mRNAs were also expressed in stellate reticulum (SR)cells between the proto-and metaconid SEKs of the embryonic late cap stage tooth germ as shown for E15.5 tooth (Fig. 1C) . During subsequent development, Slit1 expression was observed in the stratum intermedium (SI) cells between parallel SEKs as well as in SR cells in the same region ( Fig. 1E -H) . At PN3, Slit1 transcripts were seen in the transverse connecting lophs of the parallel cusps, in the epithelial cells adjacent to IDE cells (referred to here as the ameloblast-free ridge (AFR)), which had not secreted enamel (Fig. 1P) . A similar Gaunt, 1955 . Dental epithelium (gray color) was outlined by marking the epithelial-mesenchymal interface in each serial section. Anterior part of tooth is slightly upwards rotated to visualize gene expression (red color) better. Mesenchymal tissue components of the tooth are not shown. Slit1 expression is restricted to the EFA in the cusp tips (TEKs) and their connecting lophs (AFRs, ameloblast-free ridges) (Gaunt, 1956 ). L1 and 4 TEKs are visible in the model while other TEKs are located inside the cusp tips. afr, ameloblast-free ridge; ant, anterior; a, ameloblasts; B, buccal; e, enamel; efa, enamel-free areasepithelium; d, dentin; de, dental epithelium; dp, dental papilla; ide, inner dental epithelium; L, lingual; NB, newborn; o, odontoblasts; ode, outer dental epithelium; PN, postnatal; post, posterior, Scale bars: 100 mm; in M: 200 mm. expression pattern in the ARF continued in the PN5 tooth (Fig. 1K,L) . Thus, Slit1 expression showed apparent correlation with the development and presence of the EFA of the cusp tips and the transverse connecting lophs of the parallel cusps, as also visualized by 3D reconstruction of Slit1 expression in PN3 first molar (Fig. 1P) .
To further investigate the molecular identity and signaling properties of the TEK, we analyzed the expression of selected signal molecules of different families implicated in tooth development (Thesleff and Mikkola, 2002) . In situ hybridization analysis on PN3 tooth sections showed that transcripts for Bmp4, Wnt5a, -6 and -10a and Notch1 signaling molecules, as well as a cell differentiation marker, cyclin-dependent kinase inhibitor p21 (Jernvall et al., 1998) were observed in the L1 knot, but they were also broadly expressed in other compartments of the tooth germ (Fig.  2C -N) . Fgf4, -9 and Shh were not detected in the knot (not shown).
Discussion
Localization of a novel putative signaling center in the molar tooth
Our histological and molecular tracing of the developmental fate of the SEK here shows that Slit1 expression persisted in a few epithelial cells next to the IDE at the mesial side of the cusp tip after the histological disappearance of the SEK. After the onset of crown calcification, the Slit1 expressing cells were observed as a distinct cell cluster at the tip of cusp next to the EFA-epithelium that had failed to secrete proper enamel matrix. The cell cluster also showed transcriptional activity of Bmp4, Wnt5a, -6, -10a and Notch1 signaling molecules implicated in regulation of tooth formation as well as the cell differentiation marker cyclin-dependent kinase inhibitor p21. Hence, these results indicate that a novel putative signaling center, the TEK, which we propose to be derived from restricted set of SEK cells, forms after disappearance of the SEK, and is present while the molar tooth undergoes the final stages of crown shape formation (Fig. 3) .
Based on observations of apoptotic cell bodies and downregulation of Fgf4 from the SEK, it has been proposed that the signaling center is removed by programmed cell death soon after initiation of the cusp growth (Jernvall et al., 1994; Vaahtokari et al., 1996b) . Therefore, apoptotic removal of SEK has been thought to terminate the signaling function of the SEK and play a significant role in the regulation of tooth shape (Vaahtokari et al., 1996b; Shigemura et al., 1999) . Our observation that Slit1 transcriptional activity continued in the SEK after Fgf4 downregulation suggest that apoptosis does not to terminate signaling function in the SEK. Thus apoptosis in the SEK may not serve an instructive role in the regulation of tooth shape. Consistent with this, inhibition of apoptosis in cultured molars did not result in any defects in crown morphology (Coin et al., 2000) .
Slit1 may regulate molar tooth shape by preventing cell proliferation and enamel formation
In addition to being expressed in the SEKs, Slit1 transcripts were observed in SI and SR cells between parallel enamel knots from the onset of their formation at the late cap stage. After the onset of enamel formation postnatally, Slit1 mRNAs were evident in the TEK and transverse connecting lophs of the parallel cusps that are devoid of enamel (Gaunt, 1956) . Thus, Slit1 expression shows apparent correlation with the development and presence of the EFAs in the molar crown. The IDE cells in the EFA differentiate into epithelial cells resembling ameloblasts, secreting a thin layer of enamel-like matrix (Sakakura et al., 1989; Yamamoto et al., 1998) . The EFAs are proposed to enable rapid posteruptional attrition (Gaunt, 1956 ), but regulation of their sites, and the mechanisms of their specific differentiation and function have remained unknown (Yamamoto et al., 1998; Sakakura et al., 1989) . The results here suggest that Slit1 paracrine signaling from the overlying cells (named collectively as the AFR) exert specific influence on the differentiation and/or function of the EFA-epithelium and thus, Slit1 may be involved in the regulation of the final tooth shape by determining the EFA of the crown. On the other hand, because Slit1 also may act as an adapter protein regulating other signaling pathways (Yuan et al., 1999) it is possible that autocrine Slit1 signaling within the EKs and the AFR may modify their signaling activity on prospective EFA-cells.
In addition to SEKs, the IDE cells located between parallel SEKs do not proliferate in the bell stage mouse molar (Coin et al., 1999; Shigemura et al., 1999) . Slit1 expression in the EKs and AFR cells between parallel cusp tips correlated with the non-proliferative regions of the IDE, that are proposed to represent prospective EFA-epithelium (Coin et al., 1999) . Therefore, in addition to affecting cell differentiation and function, Slit1 may also be involved in the regulation of proliferation of the IDE cells. Thus, Slit1 signaling may link formation of the EFAs to epithelial morphogenesis and regulation of final crown shape of the molar tooth. According to this model, the Slit1 expressing cells at the cusp tip (SEK and TEK), and between the cusps (AFR) form a larger, integrated signaling region, which, by exerting inhibitory influence on cell proliferation, differentiation and/or function, regulates the distance and height of the cusp tips, the height of the prospective transverse connecting lophs of the parallel cusps as well as patterning of the EFA (Fig. 3) . In addition to the epithelialmesenchymal interactions Baird, 1969, 1970; Schmitt et al., 1999) , signaling within the enamel organ appears to be necessary for tooth morphogenesis (Laurikkala et al., 2001) . Our results here indicate that signaling between different epithelial cell compartments of the developing tooth appears to play an important role in the regulation of the crown shape and hard-tissue formation.
Slit1 may mediate signaling between the different compartments of the secondary enamel knot
Like the PEK (Lesot et al., 1996) , the SEK consists of two histologically distinct compartments. The SEK develops in the boundary region between the IDE and the deeper part of the enamel organ where the SI and SR cells are located. The papilla-facing cells of the SEK are in continuity with the IDE cells, whereas the cells of the deep part, located inside the enamel organ, are arranged in a cluster. Of note, our molecular tracing here demonstrates that these compartments achieve different molecular characteristics. Initially Slit1 and Fgf4 exhibit largely overlapping expression patterns in the SEK, but during later development, Slit1 expression become more evident in the deep part of the knot. Prior to the disappearance of the SEK, Slit1 expression was restricted to the deep part of the SEK while Fgf4 transcripts were mostly detected in the papilla-facing part of the knot before their downregulation.
Thus, these results demonstrate that the SEK is composed of two, histologically and molecularly distinct compartments Fig. 1P ) TEK of PN3 molar tooth (arrowheads). Slit1 expression is restricted in the TEK. p21, Bmp4, Wnt5a, -6, -10a, Notch1 show widespread expression in the developing tooth including the TEK (arrowheads). a, ameloblasts; e, enamel; efa, enamel-free areaepithelium; d, dentin; dp, dental papilla; o, odontoblasts; tek, tertiary enamel knot. Scale bar: 200 mm.
suggesting potential internal signaling within the knot. Because both PEK and SEK express functional receptor for Slit1, Robo1 (Løes et al., 2001 ), Slit1, besides having possible autocrine signaling functions within the SEK, may also exert paracrine signaling to the papilla-facing compartment of the SEK. Subsequently the TEK expressed Slit1 may continue to signal to the adjacent EFA-cells in the cusp tips. The apical ectodermal ridge (AER), the signaling center mediating limb bud outgrowth and patterning, arises at the boundary of two compartments, the dorsal and ventral ones (Tickle and Munsterberg, 2001 ). Later, different signaling genes exhibit distinct expression domains within the AER (Tickle, 1995) . Moreover, the isthmus, the secondary neural organizer emerges in the boundary region between developing hind-and midbrain (Garda et al., 2001) . Hence, compartmentalization of the enamel knot may turn out to serve important functions during odontogenesis. (Jernvall et al., 1994) before its downregulation. Slit1 signaling from the SI (and possibly in SR) cells (early AFR) prevents proliferation of the IDE cells between the developing cusps thus regulating the distance and height of the prospective connecting lophs of the parallel cusps. In addition, Slit1 is proposed to exert inhibitory influence on SEK and IDE cell differentiation. (B) Prior to the disappearance of SEK, Slit1 is expressed in the deep compartment of the SEK, while Fgf4 transcripts have been downregulated from the papilla-facing part of the knot. Slit1 expressed in the cervical compartment of the SEK and in the AFR inhibits cell differentiation and proliferation. (C) Slit1 signaling from the TEK present at the cusp tip of the calcifying tooth continues to regulate the formation of the EFA by affecting EFA-cell differentiation and/or function. The TEK is proposed to originate from a subset of SEK cells that were not removed by apoptotic cell death. The EFA-cells (efa) next to the TEK may originate from the papilla-facing compartment of the SEK. Slit1 functions in tooth may also involve autocrine signaling as here illustrated for the SEK and TEK (in A-C) and SI cells (B). (D) Picture illustrating the occlusal surface of the PN3 tooth. The TEKs and the connecting AFRs form a larger, integrated signaling region that together with isolated TEKs in the anterior and posterior end are involved in patterning of molar crown. Based on the model presented here, existence (or absence) of TEKs and/or AFRs, or inhibition of their proper signaling function may explain the final crown shape in different species with (e.g. sibling vole) and without (e.g. man) EFA. This model may also contribute for the analysis of evolution and development of different molar cusp configurations (e.g. parallel and diagonal) in various species.
